32 P-HPLC is a recently published method to generate DNA adduct profiles after exposure to a complex of genotoxic substances. The low detection limit enables characterization of individual DNA adducts in the general population. The 32 P-HPLC method was applied to human lymphocytes and granulocytes from Silesia, a polluted industrial region in the south of Poland. Human samples were collected at the end of winter and summer to investigate the seasonal influence on DNA adduct formation. In lymphocytes a strong seasonal variation was seen in total DNA adducts, with winter values exceeding the summer values by 7.33 ± 3.56 times. Granulocytes did not show any seasonal variation. In winter-collected lymphocytes the DNA adduct levels were 21.4 ± 16.6 /10 8 normal nucleotides (NN) while the summer values were 2.96 ± 2.46/10 8 NN. Granulocytes had 8.06 ± 7.76 and 9.59 ± 6.19 DNA adducts/10 8 NN during winter and summer respectively. The lymphocyte DNA adduct profile consisted of at least 16 individual or clusters of DNA adducts. All 16 had a clear winter influence, with a winter:summer ratio of 1.6-153, indicating exposure to a complex mixture of genotoxic substances. The DNA adducts analyzed in human lymphocytes had retention times similar to DNA adducts generated by polycyclic aromatic hydrocarbons. The suggested candidates for DNA adducts displayed a similar seasonal variation in airborne particles to that found in DNA adducts in lymphocytes of humans living in the area. This is the first application of the 32 P-HPLC method to analysis of DNA adducts in human tissues.
Introduction
The stable reaction products between reactive intermediates and nucleotides, DNA adducts, have been detected in both humans and experimental animals exposed to carcinogens (1-8). The human exposures include occupational, environmental and clinical, as well as lifestyle-generated, exposures (3) (4) (5) (6) (7) (8) .
Recently a method has been published for the analysis of 32 P-postlabeled DNA adducts by 32 P-HPLC (9,10). The 32 P-HPLC method is sensitive, capable of separating complex mixtures of DNA adducts and is applicable to general human
•Abbreviations: PAH, polycyclic aromatic hydrocarbon; PBS, phosphatebuffered saline; NN, normal nucleotide.
populations. To date the 32 P-HPLC method has been applied to complex mixtures of DNA adducts generated in vitro from polycyclic aromatic hydrocarbons (PAH*) (10) and in different rat tissues (liver, lung, heart, etc.) after exposure to carcinogens (11).
In Poland there are heavily polluted regions. One example is the coal-based industrial region of Silesia, with high emissions of air pollutants generated by incomplete combustion of coal (12) . It has been reported that the DNA adduct levels in total white blood cells from individuals living in Silesia were higher compared with controls living in low pollution areas (13) (14) (15) . In a further investigation analyses were performed on total DNA adduct levels in long-lived lymphocytes and in short-lived granulocytes (16, 17) , indicating a better environmental correlation of DNA adduct levels in lymphocytes compared with granulocytes (18) . Smoking-related DNA adducts have also been shown to be higher in lymphocytes when compared with granulocytes (16, 17) .
The aim of this study was to investigate the DNA adduct levels in human lymphocytes and granulocytes from individuals living in Silesia and to investigate the seasonal variation, using 32 P-HPLC for the first time on human tissues to examine DNA adduct profiles.
Material and methods

Volunteers enrolled in the study
Healthy male volunteers were enrolled in the study. The exposed group were men with industrial employment or inhabitants of Bytom, Gliwice and Swietochlowice. These were exposed to a high level of air pollution. The individuals were their own controls, with seasonal sampling of the same individual. The references were office employees in Biala Podlaska, a rural region in the eastern part of Poland. Blood was collected twice from the same individual during 1992, in February (winter sample) and in September (summer sample). The volunteers enrolled were non-smokers.
Blood sampling and isolation of DNA Blood from healthy volunteers was obtained by venous puncture and collected in heparinized 50 ml Falcon tubes. Thirty milliliters of blood was carefully layered over 10 ml Ficoll Paque (Pharmacia Chemical Co., Uppsala, Sweden) and centrifuged at 2000 g for 20 min at 20°C. The mononuclear fraction of white blood cells (mainly lymphocytes) on top of the Ficoll Paque layer was collected and washed twice with phosphate-buffered saline (PBS), pH 7.4. The cell layer below the Ficoll Plaque (granulocytes and erythrocytes) was treated with 15 ml 0.15 mM NR,C1, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4, at 0°C for 30 min to lyse erythrocytes. The pellet containing granulocytes was washed three times with PBS. DNA was isolated from lymphocytes and granulocytes by digestion with RNase A and pronase E, followed by extraction with phenol, chloroform/isoamyl alcohol and precipitation with ethanol (19) . Dry DNA was stored in a non-hydrolyzed form at -70°C until analysis.
In vitro syntheses of DNA adducts S9 liver extract from Aroclor 1254-induced male Wistar rats was prepared according to earlier published methods (20) . To generate DNA adducts of substances listed in Table II the hydrocarbons were dissolved in dimethylsulfoxide to a concentration of 10 mM. Calf thymus DNA was dissolved to a concentration of 0.64 mg/ml (equal to 2 mM free nucleotides) in 80% PBS (138 mM NaCl, 2.7 mM KC1, 8.8 mM NajHPO, 1.2 mM NaH 2 PO 4 ) and 20% S9 mix (44 mM Na 2 HPO 4 , 6 mM NaH 2 PO 4 , 30 mM KC1, 10 mM MgCl2, 5 mM K2-D-glucose-6-phosphate, 4 mM (J-nicotinamide adenine dinucleotide and 10% S9). Controls were prepared as above, except for the hydrocarbon. The mixtures were incubated at 37°C for I h and then frozen at -20°C. These experiments are described in detail in Zeisig and Moller (23) . The DNA adduct standards benzotaJpyrene-A^-deoxyguanosine and 5-methylchrysene-A/ 2 -deoxyguanosine were purchased from the Midwest Research Institute (Kansas City, MO). All salts and solvents were of analyticaJ grade. 32 P-HPLC analyses DNA was precipitated by the addition of 0.1 vol. 5 M NaCI and 1 vol. ethanol. After centrifugation and a 70% ethanol wash the DNA was redissolved in water to a concentration of 0.5 |ig/jil. Aliquots of 20 \i\ DNA solution were hydrolyzed by the addition of 0.8 U micrococcal nuclease (0 2 U/|il), 5 JJ.1 3 niM bicine, pH 9.0, 5 \l\ 0.5 mM CaCI 2 and incubated at 37°C for 2 h. The DNA and nucleotide samples were adduct-enriched by butanol extraction and enzymaticaJly 32 P-postlabeled (9,10). 32 P-HPLC analyses were performed by injection of the butanol-extracted, unrefined 32 Total number of samples were 24 from six different individuals. Each individual was his own control, since the same individual was compared during winter and summer. DNA adducts were analyzed by 32 P-HPLC. The difference between lymphocytes collected during winter compared with summer was statistically significant (*P < 0.05). Granulocytes did not show any seasonal difference. significant (P < 0.05). When the total DNA adduct levels in winter-and summer-collected granulocytes from the same individuals were compared no differences were observed. The average levels were 8.06 ± 7.76 and 9.59 ±6.19 for winter and summer respectively.
The difference in seasonal DNA adduct levels is shown in Figure 2 , where the wintensummer ratios are compared. The average wintensummer ratio for lymphocytes was 7.33 ± 3.56, while the wintensummer ratio for granulocytes was 1.16 ± 0.95, indicating a statistically significant seasonal variation in lymphocytes (P < 0.001), but no seasonal influence in granulocytes.
Six pairs of lymphocyte DNA adduct levels are shown in Figure 3 . These pairs represent the same individuals with blood collected at the end of winter (February) and the end of summer (September) respectively. The maximum DNA adduct level was 47 DNA adducts/10 8 NN and the wintensummer ratios ranged from 3.1 to 12.8. The references were summer samples collected in a low exposure countryside control region (Biala Podlaska). One control was relatively high, while the other two were low in total DNA adduct levels (6.4, 0.38 and 0.48 DNA adducts/10 8 NN respectively). The total DNA adduct patterns in lymphocytes from one representative individual are shown in Figure 4 , analyzed by the I.vmphocvtes Granulocvtes Fig. 2 . The difference in total DNA adduct ratios when human winter and summer samples were compared (mean ± SD). The difference between lymphocytes and granulocytes was statistically significant (***/> < 0.001). The DNA adducts were analyzed by 32 P-HPLC and the number of samples were as in Figure I. phosphate, ATP and possible low molecular weight and/or polar DNA adducts. The HPLC retention time range shown in Figure 4 represents aromatic bulky DNA adducts. The regions A-E were areas where DNA adducts could possibly be detected but in the analyses were below the statistically significant detection limit. Numbered peaks could contain more than one DNA adduct, especially in peak regions 2-3, 5-6 and 12-13. In the 32 P-HPLC analyses 20 u.g DNA from the unpurified labeling mixture was injected into the HPLC system. The summer sample of lymphocytes contained 3.4 DNA adducts/10 8 NN. The winter sample from the same individual was 9.1 times higher (31 DNA adducts/10 8 NN).
In Table I winter and summer analyses are presented on an individual peak basis. Peaks 2, 7, 12, 14, 15 and 16 were only detected in the winter sample. The remaining 10 peaks were all found at higher levels in the winter sample, at a ratio of 1.6-15.3. In total, 16 out of 16 peaks (or peak clusters) were found only in the winter sample or at higher levels compared with the summer sample.
In Figure 5 graphy could be performed on suspected DNA adducts. In Figure 4 the co-chromatography intervals are shown by Roman numerals. Based on retention time characterizations, different structures could tentatively be suggested, as shown in Table n .
Discussion
The air pollution levels increase dramatically during the winter season in Silesia. In two cities in Silesia the monthly Figure 3) . Numbered peaks or clusters (1-16) were statistically significant. Intervals A-E may contain DNA adducts at lower levels. The retention times 38-80 min represent the 'aromatic 32 P-TLCwindow' (9), i.e. spots considered to be DNA adducts in 32 P-TLC analyses of postlabeled DNA adducts. See Table I and the text for more details. Intervals I-XII represent peaks/clusters with retention times where DNA adducts originating from aromatic air pollutants can be found (see Table II ). Figure 4 ).
•DNA adducts/10 8 NN; -, below detection limit. c + + , Only found in winter sample; +, higher level during wintertime. ''Not possible to calculate, since only winter appearance of the peak. . The mutagenicity of airborne paniculate matter collected in the region follows the same pattern, with elevated levels during wintertime (12) . Due to incomplete combustion in the generation of energy and/or transportation, this seasonal effect, with high levels of airborne genotoxins during wintertime, is also seen in much less polluted areas, such as the city of Gothenburg in Sweden (24) . The data in Figures 1 and 2 show that the lymphocytes of individuals living in polluted areas were affected by this seasonal variation of airborne genotoxins. The granulocyte DNA adduct levels were not influenced by the seasonal Table II . *l, high NO X values, NO X necessary for nitroPAH formation; 2, direct acting mutagenicity of airborne particles indicating presence of nitroPAHs, peak level for direct acting mutagenicity in January; 3, basic structure (pyrene and fluorene respectively) was a major component in airborne particles in Silesia. b Metabolite of NP. c Metabolite of NF.
variation, probably due to the half-life of granulocytes, which is < 1 day (17) . Thus granulocytes were insensitive as indicators of chronic exposure, while lymphocytes could be used for studies on changes in environmental exposure to genotoxins. It is possible to speculate that these bulky aromatic DNA adducts have their origin in PAHs or derivatives of PAHs found in the airborne paniculate matter. The data in Figures  1 and 2 also confirm published data when DNA adducts from individuals were analyzed by the 32 P-TLC method (18) . The wintensummer ratios in our study were 7.33 ± 3.56 and 1.16 ± 0.95 for lymphocytes and granulocytes respectively. Earlier published ratios were in the ranges 2.59-12.8 and 0.82-1.98 for lymphocytes and granulocytes respectively (16) .
The individual variation in DNA adduct formation in lymphocytes from six exposed (winter and summer) and three reference individuals (summer) (Figure 3 ) indicated a strong seasonal variation independent of the total DNA adduct level. Among the references (people living in a low exposure area) individuals H and I were representative, while G had an unexpectedly high level that could reflect either an unknown environmental exposure or a limited function of DNA repair. The 32 P-HPLC winter chromatogram of individual B is shown in Figure 4 . From Table I it is obvious that the seasonal changes were variations in the total exposure to complex mixtures of genotoxins, since 16 out of 16 peaks/clusters of DNA adducts increased during wintertime. This is a general phenomenon in the individuals analyzed. All samples were analyzed by TLC in parallel. No significant differences were seen in total DNA adduct levels. Comparisons at the level of individual DNA adducts were not possible, since the DNA adducts analyzed by TLC mainly showed as a shaded diagonal zone. When airborne particles from Silesia were analyzed for mutagenicity a seasonal variation was seen, with 5-10 times higher airborne mutagenicity during wintertime (12) . Both direct acting mutagenicity (no metabolic activation) and metabolically dependent mutagenicity increased during wintertime, indicating the possibilities of both nitroPAHs and PAHs as important groups of substances in the mutagenic fractions analyzed. This assumption is also supported by the fact that both different PAHs and nitrogen oxides reach high levels during wintertime in Silesia (21) .
At this stage it is not possible to identify the individual peaks seen in Figure 4 , due to the fact that the method is very sensitive and low levels of DNA adducts are detected. The detection limit was -0.1 DNA adduct/10 s NN per peak when 20 (ig DNA were analyzed in the 32 P-HPLC system. Another factor that influences the possibility of identification is the large number of substances in these complex mixtures of airborne genotoxins. The group of aromatic N-heterocyclics alone consists of > 100 substances in the organic fraction of airborne particles from Silesia (21) . This is the reason why the co-chromatography data in Table  II refer to intervals (I-XII) and not to specific peaks. In intervals I-XII one can expect to find DNA adducts generated by 18 different aromatic hydrocarbons. Out of these 18, eight are PAHs and eight are nitroPAHs or derivatives thereof.
These 18 different aromatic hydrocarbons were selected as possible candidates for the DNA adducts analyzed in human lymphocytes. The selection was based on retention times of DNA adducts during 32 P-HPLC chromatography. The data in Table III provide support for the suggested candidates. Table  III is calculated from Motykiewicz et al. (12) and summarizes the major aromatic structures found in the particles in Silesian air. For the family of PAHs all candidates for lymphocyte DNA adducts were major components of the airborne particles. All (except one that was not analyzed) showed a seasonal variation with a maximum during wintertime. The data from Table III also support the fact that there is a general increase in complex exposure during wintertime, since the max:min seasonal ratio is very constant (2.5-3.7) for the analyzed PAHs.
Indirect evidence is given for eight substances ( Table Illb) . The indirect evidence is the presence of a mother compound, the type of mutagenicity (direct acting mutagenicity with a peak level in winter) or the presence of other necessary components to generate the suspected substance.
There is a need for further studies on the possibility of airborne particles (the organic fraction) generating DNA adducts in vivo, in order to understand the sources of DNA adducts seen in human tissues. An example of one approach to elucidate whether benzo[a]pyrene forms DNA adducts in unstimulated human peripheral blood lymphocytes was recently published (22) . A great individual variety in DNA adduct formation and DNA repair was found among the donors. The DNA adduct analyzed [(±)anf/-benzo[a]pyrene diol epoxide-A^-deoxyguanosine] disappeared in a relatively short time with a half-life of ~3 days. It is possible that the more easily repaired DNA adducts are removed during the first days and that persistent DNA adducts, being less accessible to repair, persist for long times.
Extrapolating to in vivo, it is possible that for some DNA adducts a constant exposure is required to detect DNA adduct profiles as in Figure 4 . In vivo results from Silesia indicate a general half-life of DNA adducts of 1-2 months (16), which is in accordance with the data presented in this paper, although on the group level. Undoubtedly many host and lifestyle factors are likely to influence the apparent half-lives of DNA adducts.
In conclusion, the 32 P-HPLC method is sensitive enough to demonstrate systematic DNA adduct profiles in human lymphocytes collected from exposed individuals in Poland. A distinct seasonal variation was seen when winter and summer samples were compared. It can be concluded that there was a general increase in complex exposure during the wintertime based on target analyses, i.e. DNA adduct profiles. This is the first application of the 32 P-HPLC method (9) (10) (11) 23 ) to human tissues.
